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DNA-templated assembly 
and electrode attachment 
of a conducting sihierwire 

Erez Braun^r Yoav Bchantt, Uri Slvan*^ 
& Gdalyahu Ben-Yoseph^t 

* Department ofPkysies, t Department of Chemistry^ * Sotid State Imtitutu 
Teeitnion-Ismd tnstttute. ofTfdtnohgf^ 32QO0, Isreud 



Recent xescstdk In the field of lUUXontetr^scUe «lcctn>iiics has 
focused on two fbsdanental issnes: the operating prim^^ of 
snmll-ficale devices^ and schemes that lead to their realisation and 
evctttuad iategxation into nsefnl circmts* E^ezimental studies on 
mdlecniac' to submicroineli'e' <ytitnnnm dots and on the ekctrical 
ttanspoit in ooriiott nanotnbes'^ have <iiMifir»if*d theoxetical ' 
predkttoud*^ of an xncteasing tolc for chai^bg d&M as the 
device ii^tw4iifattM^ NCTcrtfaelcsa, the oonstroction of nano-- 
metre-scale dxcnits from saA dsYXces remains problematiCp 
largelf owing to the ^^^^Hifx of achieving hitec^danent 
wiring and electrical Uiteid&ehig fo macroscopic electrodes. Hie 
use of molecular reoognidon processes and the sdf-assembly of 
molecnles into su^eamolecnlar stmctores^^ might hd^ overcome 
Ihffie /BfltM-^lritf^ In this co^^^t DNA has the ^propziate 
moleodaz^recognition*^ and meduudcol'^^ properties, but poor 
electrical c^iaractenstics prevent its direct tise ui electtiol cir^ 
ctiUs, Hew we describe a two-«t«p procedure that may aflow the 
applicatian of DNA to the constroctian of fimcdonal dradts* In 
our sdbemc^ hybridization of the DNA molecule with sor£iCe- 
ho nn J <pHgwww^ cotMcs Ss first osed to stTctch it between two ^ald 
eleorode^ IIk DNA molecuk b then used as a tem]^ate for the 
Tectorial growrth of a 12pjn lonig^. 100 nm wide condncrtye silver 
wire. The eiperimeni oonfixms tbst die xecognxdon oq^ili^ 
PNA can be eayloited for the targeted at tudimmt of fi nwtion al 



The first step In the co n&mi ction of the siKer wire involves the 
sclf-assembJy of a DNA template connecting two gold dectrodes 
12-16 \ua spoxt (see Rg. X for an oudine of the procedure). Fast; 
12-base cligonucLeotides. dcrivatized with a disulphide gtoup at 
their 3' end, axe attached to ^e electrodes through su^hur-gold 
InteractioAS. The electrodes are each mariced with specific but 
di^irent oligQimcIeotide sequences. A connection is tim made by 
faybridiziEig two distant sur&oe-bound oligonucleotides with a 
16pjn long and fiuoresaaidy labeQed X«DNA tbat contains two 
U-base sticky ends, \^iere eadi of the ends is complementazy to one 
of the two di£&rent seqttences attadied to the ^Id electrodes. 
Hybridization on both ends is fadLiTHTwi by covering the elearodes 
with an a^eons soltition containing tiie X'DNA and indudng a 
flow perpendicular to the dcctrodc* thereby sttetdiing the X-DNA 
molecules in ^e fiow directian Codier stretching methods can be 
used; for ^^ication of an electric field see ie£ 17). The flow is 
terminated when a smg^ DNA bridge is observed by fhioresoence 
. microscopy (see'Fig. 2)* usually afinr a &w mxnuteSi Curving of the 



DNA bridge under a flow pabllc! to the etectrodes shows it to be 
attached solely to the electrodes. The method does not guarantee a 
single DNA bridge. However, in shii video microscopy and imaging 
of the resulting silver wire by atomic force microscopy (AFM; see 
below) reveal a silver bridge only in places where DNA \yas ' 
previously fluorescently imaged. We also tried stretching the DNA 
between two electrodes in the reverse order, perfotming hybridiza- 
tion and ligation of the disulphide-derivatized oligonucleotides to 
the lotig DNA molecule before it was applied to the sample (see 
Methods section). The binding of the derivaiized \-DNA En this ' 
case was again aided by an induced perpendicular flow. Both 
methods woric equally well 

To instill electrical fonctbnality. silver metal is vcctorially depos- 
ited along the DNA molecule. The three- step chemical deposition 
process (sec Fig. 1 and Methods) is based on selective localization of 
silver ions along die DNA through Ag^/Na"^ ipn-exchangc" and 
formation of complexes between the silver and the DNA bases'*^'* 
The Ag^/Na**" ion-exchange process is monitored by following the 
almost instantaneous quendiing of the fluorescence signal of the 
labelled DNA. The ion-cxchangc process, which is hi^y selective 
and restricted to the DNA template only, is terminated ^en die 
finorescence signal drops to 1-5% of its initial value (the quenching 
is much faster than nomuil bleaching of the fluorescent dye). The 
silver ion-exchanged DNA is then reduced to form; nanometre-sized 
metallic silver aggregates bound to the DNA skeleton. These silver 
aggregates are subsequently forther 'developed' modi as in the 
standard photographic procedure^ using an acidic solution of 
faydroquinonc and silver ions under low Ught conditions^. Such 




Conducttve silver 

Flfiuw 1 0oftstruc^tortof a8i^«rwir«conn«ctbg^wgoWelHrtIt^ 
imaaa anows flia.eioctroae pmm (05 x 05 mm) used m me ewrinrents. TTie 
«vo GO lon^, paraOel elearodes am connected to four ti(X) X 100 jjn) bondrn 
pads, a, OliQonuctaotfdas with two dttfarsnt sequences attached to the 
ofecoodes. b, Wdse connacting ffia t«« afactrodaa. c S»veiWof>to3dod 
DNA brfdSQ. MatalBc sflver aggregates bound to the DNA sJcBletnn. % FUly 
developed sHvei' wv^ A fun descn'pnen of me pmpamtren aesoa ean be found in 
the Methods sdcifen. . 



NATtTRfi I VOL ^ 1 19 CTtttA£Y 199S 



776 



Received at: .8:01AM, 4/11/2002 

.» REINHOLD COHN S PAR. ^2 3 5663782 04/11 '02 lA^ NO. 847 18/35 



letters to nature 



solutions are metastatic^ and spontan«)U5 metal dep^tiwi a 
nonnaUv very slow. However, the silver aggregates on Ac DNA 
act as catalysts and wgnificantly accelerate the process. Under the 
experimental conditions, mecil deposition Aercfore occius orJy 
along the DNA skeleton. leaving the passivated glass pracncally 
dean of silver-The silver deposition process is monitored w sito by 
djfferentiai interference contrast (DIC) microscopy and tenmnated 
when a trace of the metal wire is dcariy observable onto the 
microscope. Ue metal wre follows prfidsdy the previo^ fluores- 
cence image of die DNA sMclon- The structure, size and conauc^. 
tion properties of dxe metal wit« are repiodudble and dictated by 
the 'dcvdopingf condidons. . , , 

AFM images of segments of a lOOmn vide. 12 i«n long wire 
connecting the two gold electrodes are presented m Fig. X The 
images are representative for the whole wire. As dearly seen, the 
wire consists of ^s of 30-50 nm dUmeter deposited along Uie 
DNA skdeton. We have also febricated wires as narrow as 25 ma but 
AFM unagrng showed the sEyer coating to be discontinttous, with 
some gaps between silver grains. . « 

Two-terminal electrical measuiements were made on the sflver 
;c shown in Fig* 3, The resultant /-Vcurve|, obtained vrf* an 
a^jparatus having an internal resislancci of s-lO" 0, arc displayed in 
Hg. 4. The curves arc highly nonlinear and asymm etric with respect 
to zero bias. The shape of the curves depends on tiie voltage scafl 
diiectioii indicated by arrows. Approaching aero voltage fieom large 
positive or negative bias» a Kto-aorcot plateau devdo^ with 
diflferential resistancE lajger than 10" a At a hi^ 
again becomes conductiye with a diflfctential resistance somewhat 
lower tfian in the original bias polarity. Equated measnreiMits^^^^^ 
given wire, in the same scan direction, yield reproducible J-V 

curves. . - 

The origin of the cjctremely high rcsistanoe at small bias, and of 
the dependence of the current on the voltage scan direction, are not 
yet dear. If one invokes the Coulomb blodcade phenomepon and 

grain dutfgin g energy, -Oa eV, as inferred firtjm Ae gram 
the AFM Images, the large plateau requiies simultaneous dargp^ 
of alargc number of grains in series. It is not dear, however, whether 
sudi a medianism can yield a history-dependent J^V^ carve. 
Anodier source of nonlinearity might be inter-grain boundary 
resistance due to sflver corrosion. Tlic shape of the l^V ctirve 
could then be attributed to eiectrodhemical processes in the cor- 
ion barriers* 

Ite kn^ of the zero bias plateau in different wires may vary 



from a fraction of a volt to roughly JOV; depending on the silver 
growth conditions. The solid line in Fig. 4b depicts, for example, the 
f- Vcurve of a different wire in which the silver grovrth on the DNA 
was more extensive. Compared with die first wire, the plateau was 
redvccd ftom about 10 V to O.S V, and the differential resistance at 
voltages beyond the plateau was reduced from 3QMD to 7 Mfl. By 
applying voltages higher than about 50 V to the wires that went 
through extensive silver deposition, the plateau could usually be 
permanently eliminated to give obmic behaviour (dashed-dotted 
line in Hg. 4b). 

Each experiment was accompanied by two control measurements 
to invest^aec whedier cither the DNA bridge or the deposited sflver 
cn their own could contribute to the obsenwd elcctrical.transport. 
The two insets in Fig. 4b show the /- Vcurves obtained for a X-DNA 
bridge in the absence of silver deposition (boTiOm inset) and for a 
ndghbouring device without a DNA bridge that underwent the full 
saver deposition treatment (top inset). Both control measurements 
consistendy yielded a resistance higher than our measurement 
capabilities, lO^O. (Note that the current scale In both hisets is 
too times sroaDer than in the main graph.) Our direct d.c measure- 
ments showed the 16 jim long double-stranded DNA to be practt* 
cally insulating. It is not dear how to compaie our measurements 
widi previously published dedron-tramfer rates obtained from 
optical measurements on diort DNA segments'"^. Perfect corre- 
lation was found between the appearance of a DNA bridge in the 
fluorescence image, the fiotmation of a alver wire connecting tbe 




Figura 2 Ruo/«cenca Image of iha DNA Wdga. RUOrascarnJy tebened (Ybyo-1. 
Molecular Probas. Eugene, OregonI vDNA is «iratched between two goW 
electiodes (dark strips), iflion apart The electroto ens connected to lerso 
bonding pads O^fnm aw8>i 




Rgure 3 Aiomtofo^ea microaoopy imaaaa (OlrWrtaton 3G0a Diflitfli InstnimantsI 
of a sivef vw^ oonrecting two sold ofactrotfaa T2,*jn apart * O^t^m 
ffetd fiafis. Note ttw grsnulsr morphology of the «mih^^ 

NATVREIVOL 391 1 19 FEBRUARY I^S 



Rec&ived at: ,8:01AM, 4/11/2002 

. REINHOLD COHN & PAR. 



3 5663782 



04/11 '02 l^lpf^ NO. 847 19/35 



letters to nature 



electrtdes, and the rcauliing conduction bct^Yccn the cici|trodc3. 
These observations* \n conjunction with the control experiments, 
prove that the electric current is carried solely by the silver deposited 
on the DNA bridge. 

The remarkable recognition capabilities of DNA, used' in this 
study to construct a metal wire connecting two electrodes, have also 
been exploited in other recent studies. The use of DNA has, for 
example, allowed researchers to organite- colloidal particles into 
rhacroMopic crystal-like aggregates^'" and to dictate the shape and 
size of setniconductor nanopartlcle assemblies". The use of a DNA 
polyanion as. a template for the assenably of electronic materials is 
not limited to metaJs. In another study, we have used a DNA . 
template to fabricate a poly-(p-phenyIfine vinylene) (PPV) fiJament 
by attaching a positively charged pre^PPV polymer to the stretched 
DNA and subsequendy treating it to form a highly photoUimmescent 

The construction of functional nanoscale electronic devices is 
likely to require self-assembly processes. The present study 
provides a step towards such devdoprtwnts; we have demonstrated 
that DNA IB a sophisticated substrate for the targeted attachment of 
a conductive metal wire whose width is well below fee minimal 
dimensions accessible by standard, large-scale microdectianics 
technology* Even though the hysteric /-V curves tliat we observe 
are interesting, low-Teristance» ohmic metal wires are essential for 

a 

400. 



200- 



-200 



-400j 











/" 





-20 



-10 



l(VJ 



10 



20 



b 

100 




nguTQ * Expei^montatty observed i->/ etifvea. a. Two tenninal l-^ curves of ttw 
aaverwfreshown In AiTOww fndtaata vcttage scdn (1^^ 
in each diraction prasont repeated meflaurcmenis thus demonsirattng the 
stability of a given wire. rkTtd ma tflffefsnt asymmetry pertaining ta the two seen 
directtorta- b, /-V curves of a dlflbnsnt aiJver w*b in which the ftHvergrcwth was 
more extensive than Ina. Extensive growth resulted in a nanowercurrem platteeu 
(wHd curve), cn the erder of 05 V. end a towe^ diftemniiai resistanco (7 Mo veneu? 
30MO in a). By apptytng 50V to tf>e wtra, the plateau has been permanentfy 
aiimfnated to give en oMie Mhavtour (daahed-dottad IlneK ovor tha whole 
measurement ranflo. t-^/ curves of a DMA brfdgo with ng ftffver depwJtten, and 
silverdepoeidon wfthou; a DMA bridgs. are depicted ai the bottom and top ffisete, 
r9sp8ct}vey. in both cases, the ssmpie is Insulating. 



future QppjlGttioni. Such wires might be accessible by making use of 
different growth conditions, di^Fe^ent metal types or post-growth 
thermal treatments* Q 

Methode 

Sample preparation* A glois covcniip is immersed in fuming nitric acid for tO 
min, rinMd with DI water* immersed In a IM NTaQH soluticn for a further 
10 min and rifiMd again with Dl water, the deaned glass is dn'eJ thoroughly 
and then poiiiirated against spurious DNA binding by tmmerston for 12 hours 
in a l:5v/v solution of trimethyl chlorosilane (Sigainl in tetradilotocthanc 
(Sigmn). The sample is then rins«l wrefilUy several times with tctra- 
chlorocthane and isopropanot and dried thoraughly. Bcctiudes, 12|xtTi or 
Id (un apart, arc defined on the covcrslip by standard photolithography and 
subsequent high vacuum depofidon of a 50 nm gold Uyer en tap oF a 10 nm 
tjtffninm »dhcsion layec A lift-off process then fbUows. 
CanstnicttngtheDMAbridgo(ce«F%. 1). Onegolddectrodeis wetted with a 
lOT^pJ droplet of an aqueous wludon contaioiag OJdM of a 5'. 
GGGCCG0GACCr-3'-disulphldc oli|Oflucleocide (Oligo A) ind tOmM 
NaCL SimUaiiy, the other dectrode is mnr&ed with a solution containing 5'- 
AGCTCGCCGCCX:-3-di3ulphide oligonucleotides (Oligo B). Both oligonu- 
deotidc£ are fymhcsixed using a 3'-C0-dr8ulphide CPG (OontDch Labora- 
tonest Palo Alto, California). After lissixig. the situctufr is covered by a ICO pi 
solution of X-DNA (0.2 p&^, Promep, Madison. Wisconsin) in 10-100 mM 
Nad The X-DNA has two stidcy ends that arc cckmplexneo tary to OU^ A and 
Bw A flow pcrpcndiaxbr to die dectrodes te induced by miorepipcttc Auction of 
the soludoa. The flow stretches the X^DNA molecules perpendieiiUr to the 
^icctiodis, leading to thcjr hybridjzation with OUgos A and B attached to the 
two electrodes 

Hybrtdteatfan and OgaflvM) befom eppficathin to the electndos. The two. 
types of oligonndeotfdes ate pho^horytated at th£xr S' axd» osing T4 
polyxmdeodde kinase (Mew England BZdabs^ Beverly, Massachesetes). The 5' 
phospbats of the ArPNA 19 removed iwng Shtbnp' alkalme phosphatase 
(Amersham. AiSngfion Heights. Utinois) to ptev^ Hgation of it» eomple- 
mentaiy stiek/asda to fimn a cydic DhM. One type of digonncleottde es then 
hybridixod with the X-DNA OO'-ftild oocess of oligonedeotides) while the 
«olvt) on («odfttm;^iosphate buffer and IMNadpH taTlshmlycQdsdown 
(16 hoitrfi) from 75 "C to 4*^ The hybridization is Mowed by UgBrtion using 
T4 UgaAe (New Cogland Biolabt) ^ 16*^ tor 16 hours^ The solution ia then 
fUtered (Mfaooon-lOOi Amieon* Beverly* Massachusetts) to remove exuss free 
oligoandcfltida. The seamd type of oli^ntEleotxde is then hybridized and 
ligated whh the odier stidky end of the X-X>NA wing the same procedures. 
Snverdepositton. Bein^ a polyanion, theDNA bridge is loaded with diver igm 
by NaVAg^ we exchange using a O.IM A^Q^ aqueoes solution 
(ammonium IiydieiidQ pH = 10^). The aihcr ion/DNA complex is reduced 
using a basic bydroquiaone solution ((M]t5M, ammonium hydrtxdde* 
pH =: 103) to form onaD cogoIUc aihcr iggicgatea bound to the DNA 
skdeton. The DNA tem^ated wire is 'developed* u^n$ an acidic solution 
(pH 3^ dtrate buffir) of hydrnqtiinotte (0XI5M) and stiver tons (aiM) 
under low light conditieDS to givea aihra wim along die DNA sbeleton. . 
rriW9in9 setup. An inverted micRRcppeCAxioveTt 135. Zeiss), eqtiipped with 
lOQx oil-immf39ed objective. lOO-W meroiry lamp with filters, image 
intemifier (C-2400 Hamamatsu) and video processor (Omnexi trpagen 
Instrumentation), is nscxl Ebf duoresceftoe imagini; of die DNA molecules. 
The nme mictosoope and objective^ with the proper DIC slide^ and a 100-W 
halogen lamp are used for DIG hnagws wiiP*' 
Electrfeal meaaurafnanCs. AH electtieal measurements were canried*out 
betweenCwoboiiding^(see% 1) a5iiiga4145 HP parameter analyse 
internal rcsistancz^ \^ Q and eurxent resolution of 10 £i\. 

Bf^frrrf 11 (d)^ scccptBil 4 MLiiuubs 1997. 

1. ^M»Ii^n*Mabh.asb^^•rf«t^ootaand(^^s»ndle■d^pe^^ 

2. Mdlia^ U. tt fanmik B. a. dn^e^datraa phmotnoia ia gminindiidiiffc ZanamAatSw Sd. 
TWbldL IX. 359-284 (1996), 

5. fjnyr, L ii QoBnlitni O wap or t tit a aaj^wJSti Caibcni fttnatubb Pfy^ Xac. LiSt 7^ iT^^'^Sl 

4 TSIB4, &l«teL Individuit ihij|«-«ta carbon itmoeutKi at qumon wim. Nafwr saft «4-i77 
(l»71. 
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